General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


Technical Report 32-1603 

JPL Development Ephemeris Number 96 


(NASA-C^-U792 3) .U L 0£V*'LOPMtN: EPH»fiE*?Is 
KUfBEF 9£ {Jer Propulsion LdL.) 42 p HC 

CSCt C3E 


U3/i#0 


N7b-24l0b 


Unci a a 
28123 





JUN 1976 
RECQVED Lnj 

NASA jn PACIUIY iaV 
INPin BRANCH 


JET PROPULSION LABORATORY 
CALIFORNIA INVriTUTC OF TCCHNOLOOV 
PASADENA, CALIFORNIA 


February 29, J976 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 


Technical Report 32-1603 


JPL Development Ephemeris Number 96 

E. Myhs Standish. Jr. 

Michael S. W. Keesay 
X X Nawhall 


JET PROPULSION LABORATORY 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNIA 


February 29. 1976 



JPL TECHNICAL REPORT 32 1603 


ill 


Acknowledgment 


Tlir prnf(ram for |>ro(liiiinK cplM'iiu-nJcs al JPL has Imtii in i'Xisl<*nce for many 
years. Thr-refon-, it is not |)ossil)lc to .u-knowIitlKc tin- m.iny |H'opl«- who have 
(-ontribiited to tht> lun^ siux-cssion of itnproscnifnts. llowi-v(*r, the authors wish to 
express their gratitiuie to a few |M-ople who have lM*en most closely involved. 

In the |Mst. Dr. jay if. Lieske was in t-harKr of the ephemerLs group, fie has 
continued to show an interest in tlie epheineris effort and has contributed many 
valuable discussioiu. 

Similarly, Dr. James C. W illiams, who is developing the lunar ephemerides. has 
lent iniich appreciated advice to our effort, lie and V\'. S. Sinclair provided «u 
with the lunar epheineris. 

.\t present, Dr. John D. .\nderson ilirects tin- planetary ephemeris development. 
Mis advici- and encouragement are greatly appreciated. 

We owe our gratitude to those who have generously supplied us with observa- 
tional data; to Dr. f’, K Seidelmann (L'SNO), Dr. C. Oesterwinter (NWL), and Dr. 
D. O’llandley (jl’l..) for the optical data, Drs. C]. II. I’ettengill and I. 1. Shapiro 
(MIT) and Drs. li. M. Cioldstein, (i. S. Downs, and I’. E. Heichley (JIM.) for tin- 
radar data. Dr. J. F. Jordan (JFl.) for the .Mariner 9 data; and D. 1.. C'ain, A. I.iii, 
and C. W, Null (Jl’L) for the Pioneer 10 and 11 data. 

Finally, we express our gratitude to Mrs. Eunice 1.. Lnu, who processed the 
Mariner 9 data for our use. 


Iv 


JPL TECHNICAL REPORT 32-1603 



Contents 


I. Introduction 1 

II. The Obtervationel Data 1 

A. Optical 2 

B. Radar 2 

C. Mariners Range Points 2 

0. Pioneer 10 and 11 2 

E. 1971/1973 Mars RadarClosure 2 

III. Processing of Observations 2 

A Day Corrections 2 

B. Corrections to Drift in the Optical Data ........ 2 

C Corrections to Limb Biases for Mercury and Venus 3 

D. Solar Corona Time Delay 3 

E. Mars Ellipsoidal Model 3 

IV. Partial Derivatives 3 

V. Solution for DE96 4 

VI. Covariance/Correlation Matrix of DE96 4 

VII. Numerical Integration of the Planets 5 

VIII. Lunar Ephemeris 6 

IX. Residuals With Respect to 0E96 6 

X. A Systematic Trend in the Right-Ascension Residuals 6 

XI. Export Ephemeris 7 

References 35 

Tables 

1. Optical observations 28 

2. Radar observations 28 

3. Mariner 9 range points 28 

4. Initial conditions for DE96 at JED =* 2440000.5 29 

5. Initial conditions for DE96 at JED = 2440400.5 29 

JPL TECHNICAL REPORT 32 1603 v 




6. Initial conditions lor 0E96at JED >-• 2440800.5 30 

7. Radii and masses in DE96 30 

8. Miscellaneous constants used in DE96 30 

9. Covariance/correlation matrix for DE96 31 

10. The masses and Keplenan elements of the asteroids used 

in the force model 35 • 


Figures 


1. Optical residuals for the Sun and planets 8 

2. Radar residuals for Mercury, Venus, and Mars 16 

3. Mariner 9 range residuals for Mars 19 

4. 1971/1973 Mars closure analysis — histogram of residuals , , 20 

5. Optical residuals illustrating the “opposition effect" .... 21 


vl 


JPL TECHNICAL REPORT 32 1603 


Abstract 


Tl)e fuurili isiae of JH., 1‘luitotary Kphcnu*riil«*i», di’kigiMtcd JIM. D<‘velopineiil 
Kpheineris No. 96 (UK96), ii dekcrilH'd. lliu cplM'iniTis replacrs DK69 (IU*i. 1), 
which has become obsolete siiR-e its release in 1969. 

The improvements in DK96 are many. Tliey include more recent and more 
accurate obserxational data, new’ tv|ies of data, iM’tter proct'ssing of the data, and 
refined erpialions of motion which more atviirately describe the actual physics of 
the solar system. The description.s in this re|x>rt include thru* new features as well 
a.s the new export version of the ephemeris. 

Tlie tapes and requisite software will Ih distributed throngli the NASA Com- 
puter Software .Management and Information Outer (COSMIC) at the University 
of (Georgia. 
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JPL Development Ephemeris Number 96 


I. Introduction 

The JFl. EphcmtTis 96 dcscrilx'd in this 

report is the fourth official release from the jl’L Ephem- 
eris Tape System. It replaces DE69, which was released 
in 1969 (Hcf. 1) and which has since become obsolet«‘. 

The JPI. Ephemeridt s are prtKliiced hy a system of 
programs referred to as the Solar System Data I’nK-essing 
System (SSDPS). Observational data are collc-cted and 
compared against a base ephemeris. I’artial derivatives are 
computed and used in a differential least-squares program 
to improve the valu«-s of the initial conditions of the 
planets at a given e|Kx.h, along with other asscK-iated 
parameters. Tlie differential e<|uations of motion, using 
the new initial conditions, are numerically integrated, 
thus prwlucing the new ephemeris. Finally, the observa- 
tional data are compared against the n«*w ephemeris as 
a check. 
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'Iliis rej)ort di-scusses the main features diat were 
present in thi- prcMliu tioii of Dh'96. Hie following sections 
discuss the observations and how they are proeessed, the 
formation of the partial derivatives, the solution and its i 

resultant crinstants and initial conditions, the numerical 
integration and erpiations of motion, the final residuals, 
and, lastly, the exjxrrt version of DE96. 

II. The Observational Data 

Tliere were 4-KK)2 observations used in the solution for 
DE96. Tlu'se come from five major sources, which are 
described b«-low. Different weights were assignt'd to 
various sets of observations according to the formula, 

\/uF *= 1/iTn, w here «r„ is the a priori standard deviation 
From previous experience, we were able to assign values 
to these which were approximately equal to the post-fit 
rms residuals. 
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A. Optical 

TIk' it()tu-ul cotiM* Iriiin (lit* Six- ui J Ninr- 

liu’li Triniit of ihc U. S. Naval Oinrrvalor)' 

(I'SN'O), llioy fo\iT llii> tim«- *>|)<tii. 1911-1971 ami liavr 
lM*<'n ili»t-u»»i‘(l liy Oi'sIrrwiniiT ami (aiiicn (Kcl. 2) anti 
liy ()'llamilt*y (*t al. (Hci, 1). 

All (it lilt* (iplical olikcrvatiuns liavr iN-t-ti rrdiKt<tl In 
till- KK4 ('alaloKiii- nyvtriii using tiu- lalilt-s givt-n in tin- 
Scctmii Si-rirs of tin- hthliraUntw of thr t’. S. S'atal 
lUixertiilury. 

11ii- a prion standard deviations in nglit ascension and 
del liiiatior were l"0 sec 8 and 1"(), respi-ctively, for the 
Sun. Mercury, and \'eiius and 0"5 wc 8 and ()"5, res|)ii- 
tively, tor Murs through .Neptune. 

The niiinlH-r of ohservatioiis tor each liody and the nils 
|)osl tit residuals lor the optical data are shown in Tahle 1. 

B. Radar 

Hadar tiiiie-delay lueasuieiiieiits troni Mercury, \eiius, 
and .Mars havecoine Iroiii six sources. Areciho l.iiiospheric 
Observatory, Haystack (MIT), .Millstone Hill (.MIT), 
Ooldstoiie Deep Space Station (DSS) 13 (Jl'Ll, Ooldstone 
DSS 13/DSS l.| Hislutic (JI’L), and (loldstuiic DSS 14 
(JTL). 'Hie a prion standard deviations assigned to these 
data varied according to source, planet, and year. The 
iiiinilier u> radar data (loiiits fur each planet and their 
post-tit nils residuals are shown in Tabic 2. 

C. Manner 9 Range Points 

Hie .Manner 9 .Navigation Team cunihiiied SU4 range 
(Mints to tlie .Mars Orhiter witli positions ut tlie orbiter to 
the center ut mass ut .Mars in order to pnxluce accurate 
Karth-Mars ranges Iroiii .Nuseniber 1971 to October 1972. 
rhese data, shown m I'able 3, exist m lour sets according 
to theu proximity to the .Martian solar cuujuiictiuii JD 
244130S), when the 22(X)-.MHz raiiguig signal passed 
within 4 solar radii ol the Sun at the heliugraphic latitude 
ut 4-79*. 'llie uncertuiiities ui the propagation ut tlie sig- 
nal thruugli the corona are reflected by the post-fit rms 
residuals. The iiKMieling ut tlie corona is discussed in 
Section HID. 

D. Pioneer 10 and 11 

The Pioneer Navigation Teams provided Karth-Jupiter 
ranges hy combining Karth-spucecra^t ranges with posi- 
tions of the spacecraft relative to Jupiter's center ui mass 


at the times of eiK'ouiiter iJD 2442i>2<) and JD 24423HS). 
'Hir a prion stamiard des latiom were .V) f,% for each. 

E. 1971/1973 Mars Radar Cloture 

Tlieie Were 291 "closure |Miints" frinn the Mars radar 
data taken during the op|iositiuns of Mars in 1971 and in 
H>7.3. 'Iliese closure |Miiits are (lairs of days during which 
the observed |Mints on tlie surface of Mars are nearly 
identical with res|ieit to Martian longitude and latitude. 
Since the same to|Mgraphical features are observed during 
each day, the uncertainty intriHluced by the to|iography 
of Mars may lie elimiiiateil by subtrai ting the residuals of 
one day from those of the other day. 1'hr remaining dif- 
feri lice is then due only to the ephemeris drift lietvseen 
the two days. 1'hese (Mints had a (iriori standard devia- 
tions ot aliout 1 !>%. 


III. Processing of Observations 

III .iddition to the standard calculations used when com- 
paring the ohservations , (gainst iorres(Mndiiig values 
(iredicticl h> the ephemeris. there were some unique 
features in DKitfi, which are descrilied Im-Iow. 

A. Day Corrections 

The o|)tical data from the USNO covering the years 
1962-1971 have not yet had day corrections applied for 
the .Sun. Mercury, and Venus; i.e., the lioilies obsirved 
during daylight hours. (.'onsi-<{uently, temporary correc- 
tions are a|iplied in DK96, the ciK-tticients In-irig deter- 
r.iined in the solution ilsi-lf. I'he forms ut the correctioru 
are 

Alt “ A, + A, sill 8 + A, cos /i® 

A8 * D, 4- D, sin 8 4- D, cos /ly 

where 8 is the declination and /lo is the hour angle ut the 
•Sun (i.e., time ol day). Tlie I'orrections, An and A8, are to 
Im- added to the l omfmtnl valui-s ol n and 8. 

B. Corrections to Drift in the Optical Data 

In rixent years, it has liecum? apparent that tlie re- 
siduals fur the inner planets (i.e., those observed by radar) 
have shown a secular-like drift in right a.icerision similar 
to what would be shown hy inaccurate pn-cession and 
e«(uiiiux diilt. .As such, the c-orrectiuns An >■ (Am 4- An 


2 


JPL TECHNICAL REPORT 32 1603 


«iii M tiiii S)T .uhI At “ (An itM m)T. tiinilar tu |KcHv«knMi 
(onniil.tc (*t‘v, V K., H<-l 12. puraKra|)li 137), and Am “ 
i f.'ir, «iinilar to r<|iiinni[ drift, art* t^iinhlnttl into 

Am b (Ad -f An fin n tun t) T 


M'lirrf c if thr t|M*r«l of li|{ht (i-m/f), / if tht* (rr<|iieiK'y 
(Mil/) of tht* radio turrii*r lifinal. S, if tin* tlrctron 
dfiiflty (t-m ')• **ikI tlw* intcKrution b rarrittl out over thr 
liiifur diftuncr (t-m) from |>nint P, tu point P, in fpat-r. 
Tilt* rirrtron drn»ity wa» afuimrd tu huvr thr followiiiK 
form: 


and 


At “ (An cof n) T 


whi-ri* H if thi- ratr of drift and T if iiu'afiirrtl in i fiituru-f 
|).ift HAOO. 'Hit- (XN*ffiiii-ntf Ad and An urr drtcmriiutl in 
thi- foliition. tht- t-ornt-titinf Am and At are to hr %uhtnu lcil 
from tht- obucrvctl vuliit>f of m and t. Tlit-ff valni-f art* not 
incoriroratttl into tin- pri-t-rffion parann-ti-rf. thry ft-rvt- 
only uf iniKlif it-atioiif to tin* optit ul d.ita. 


C. Correction* to Limb Biases (or Mercury and Venu* 

Musi of tilt* traiifil oltfi-rvatioiif of \’t*nns and \onit* oi 
Mmury are takrn not on tin* ct-nti-r of liKlit lint ratln-r 
on thr flluminatt*<l ttlKi*. Tin* corrt-t-tionf to t-rntt*r of 
plain-t arr tht-n upplit-d l>> tht* L'SN'O, iifiiiK values of 
|>arumt*ti*rs iiirrently availalilt*. To atroiint for torrrt-tionf 
tu tin-fe valut*s, tin* following fomnilat* arr upplit*il: 


Am 


±r, 

anti At 


±2, 

P 


whrrt* tin* ifirret-tions r, and r* art* di*t<*rmiin*d in tht* 
solution, p if tin* Karth-plan<*t diftance, and the fign- 
i|t*pend on which limh is ln*ing nliferved. 


D. Solar Corona Time Delay 

Ki*sid(*f the standard ri*lativistic tiiin* delay in the radar 
signals lM*twet*n tin* K.irtli and a planet (lief. -I), there is 
also a dt*l.iy causetl hy the electron density in the solar 
corona. Tliis has lit*i*n disciifsed hv Mnhienian et al. 
(Ht*f. 5). The following foriniila for corona tielay Ar (^s) 
was iist*d in pr<K't*ssing tin* radar and Mariin*r fi data in 
DK96; 



with the solar diftance r i*xpri*ssi*d in units of the solar 
radius. 


Tin* vahit-s of tin* arliitrary (-oiittants ist*d for DK.HH 
sserr 


A - 1.13 X 10* cm • 

H - 0 3 X 10* cm * 

r - on 

lliest* \ allies art* lonsistent with the corona tlt*rivt*d frtirn 
Marint*r 0 and 7 tiata l>\ Miihleman et al. (Hef. .3). 

E. Mars Ellipsoidal Model 

(Xiiillation mi*.isnreiin*nts of '.he Martian surface liy 
M.iriner 9 have shown that the sha|M* of tin* surface may 
In* .ipproximated hy a triasial ellipsoid Tliis di*tt*rinina- 
tioii anti Its implications for radar ranging have ln*en dis- 
'.•iisserl hy St.iinlish (Hef 6). Tin* r.nlar time ilelays from 
Mars have Im*i*ii compiitetl using this model. Tin- w*h'ilt* 
elli|Moid if scalt*tl acx-ording to tht* mean equatorial rad us 
of tin* plani*t. tin* only assiK-iated parameter in the solu- 
tion for nK90. lilt* sh.i|M* and orii*nt.ition of the ellipsoid 
an* iipaltered. 


Tin* surfaces of Mercury anti N’t*nus art* .ipproximatt-d 
hs sphert-s. 


IV. Partial Derivatives 

The paiti.d tleriv.itives ust*tl in tin* t)list*rvaiit>n t*t|iia> 
litiiis wt*re ohtained, for tin* most part, from tin* St*t III 
foriiiiilation of Hronwer and (3t*iiu*nce (Ht*f. 7, p. 2-41). 
For a given uhservatitin m, say, this calculation invokt*s 
tht* folltiwing chain rule: 


Ar 



5tt(f) _ ?o(() <'T(f) 
?.S(0) “ TTfo" ,->s(0) 
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M'hrrr r(0 i» Ih'- vn lor o( (!iirlr»iaii iiMirdinalci i«t limt I. 
•UN* S(0) U lh<* \c(tor of Set III i-orrrctioni at ('|MK'h 
if “ 0). Hir «i‘(orHl factor on llic riKltl-li.iml fide if llir 
matrix itiven hy Hroimer aiul (!lemence where (McidatinK 
eleiiN-ntf are l>jncally UM-d It it riKor<Mi«ly exait for mily 
true kcpicrian iiNilimi or at e|MN-h. In tlie acMial caief. the 
au iiraey waf found to In- K'nkI enoiiuh to iiip|N>rt nearly 
all of the olMcr\.ilion%. Tlie exc-rptioiif are defcrilierl 
In-Iow; 

(1) The hehiKi'iilrie orhil of Neptune if (MMirly approxi- 
matiNl hy Keplerian motion A dramatic improve- 
ment if feen when the motion if with ref|N < t to the 
har\ center of all li(Klie« interkir to Ni-ptuiu lliere- 
fore, in the cafe of N'eptuue, the formula alMive wa» 
replaced hy 

c«(f) »'•«(() <*r*(f) .■S*(0) 

iS^O) " ?r*(f) ?SW) ‘-SfO) 

where the starreil ipiantitief are computed with 
res|N*ct to the haryci-nter interior to Netitiine. Here, 
the stHoiid factor if far more •( urate than its iiii- 
starred counterpart alNive. Tlie iiiird factor iieedf to 
he coiiipiili“tl only once It comes from 

cS*(0)cr*(())rr\S(0)-|-' 
rs(0) “ .>•(()) , r(0) L ' r(0) J 

where oiH- may see that 

^*(0) _ 

<'r(0) “ 

(2) Tlie IiIkIi precision of the Mariiwr 9 raiiKe data re- 
(juires exvcplii'nally accurate |mrtials. For these, 
numerically integrated variational ccpiations includ- 
ing till- effect of Jupiter's orhit were iisr-d. 

(-1) The 1971-1973 Mars radar closure analysis also 
has an inherently liiRh rli-fyce of precision. Numer- 
ically ohtaineil paitials were used here as well. 

V. Solution for DE96 

Tliere were fit parameters in the solution for DFliffi. A 
full rank solution of an eiKenvaliie eiKcnvector analysis 
was applied to the oscnIalinK elenn nts at e|NK'h jl) ■ 
2 l-IO^OO..'). Till- parameters were 

W orhital elements (I’lnlo excluded) 

4 limhcorrei tions for Mercury' and \ enus 


■3 radii for Mercury, Venus, aiMl Mars 

1 stale fac tor (km/\U) 

ti transit circle day tsirreetioni for the Sun. Mertiiry, 
and Venus coseriim I‘>fi2-197l 

2 (sirrcctions lor the drift in the o|>tit al data 

rallies 4, S, and tl |(ive lielitK-entric I95C.0 etjuattiriul ini- 
tial iiintiitions for all nine planets plus the MtNin for three 
«' 'fiTeot e|MK'hs Tallies 7 and H present values of the 
other parameters used in DF.90 

N\'e have udoptetl the set of planetary iiia .<es which are 
iN-iiiK retsiniinended to the Internalitmal Astronomital 
I'nion (lAU) liy (Jonimissinn 4, with the esceptiun of the 
mass of the F.arth Mihiii liarycenter, which has one more 
diKit in DK9A 

For the orlii* of 1‘luto, we have used the initial coedi- 
tions from l)Fti9. 


VI. Covartance/Correlation Matrix of DE96 

'Hie formal standard deviations and the carrelation 
matrix from the solution for l)F9fi are given in Table 9. 
The units are are seconds for all parameters I'xcept for the 
.istronomical unit and the three radii, which are in kilo- 
meters. 


Tile following list provides identification oi the com- 
putcri/cd version of the parameter names: 


DMWf 

M + M 

Brouwer and Clemeiice Set 111 

DPi 


elements for ith planet. 

ligi 

AO 


i;i)\Nf 

cAr 


DAi 

Ao/a 


DFi 

Ae 


AU 


Scale factor (kni/AU) 

HitAi 

r. 

l.imli corrections for ith planet 

HDFi 

r» 


ADAYl 

A, 

D.iy corrections 


• a 


ni)AY3 D. 
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DKI.K njilkdl (l.it.1 drill i-orrt^'ikMU 

OF.l.N An 


3 + 4y 

"ST" 


(Jr ’^K ■■ 


»r- - r.) 


RMX H, K.idiii* of nil pUtM’l 

ll imi'l Im* rtii|)ii.i«i/fd lliiil T.ilik’ II Kiv< * lomul valors 
ohUirHHl dirrdlv from iIm- sololioii ll U ssril kiiossii ihut 
ihr osr of «o('h loniul covariancrv ofirn l«'ud« lo overly 
o|)titni<lir inrdit Ikms of acviirary. 



VII. Numerical Integration of the Planets 

TIm* dyiiamit- rsolotion of ihr solar sytlrm was ohtainrd 
liy noincricaliy inlrKialiiig ihr r«|iialioni of molioo over 
ihr rnlirr Iss'riilirlli crnlory. Tlir gravily iiiimIfI u»r<l it 
ihr ikolropir, Paramrirri/rd Po*.l-\rwlonian (PFN) n- 
Ixaly tnriru (Hrf S) arxl ihr Nrwionian Ki^ivily prriorha- 
lion* of Ihr asirroid* Orrs. Pallas, and Vr*la rruardrd as 
follossiiiK hrluHriilrit Krpirriuri rilipsrs. Thr rrlrslial 
Imdirs Immiik inIrKraIrd arc thr Son and thr ninr planets. 
Tlir Krixrntru' lunar rplirmrris I.K-44 wa.s nhtainrd hy 
an indr|M-ndrnt intcKration and ssas Irratrrl as input hy 
Ihr |ilanrtaiy program. 


Thr n-IxMly <‘<pMlions of motion ss-rrr drrivrd from thr 
variation of a tinir-mdr|)rndrnt I aiKranKian action inIrKral 
formulatrd in a nonrol.ilitiK solar-ss stem haryc-rntrir 
('arl«‘sian KKirdinatr frame. For each celestial liody, thr 
n-lwdy rtpiation* of motion arc, to order I/c', 


•. - r.) (. 2(/J + y) V M* 




2(1 + y) . . 3 r(r.-r,)-r,1* 

" 2c* L J 


3 r (>■• ” * •’< 


1 I 1 HI 


• [(2 + 2y)r, - (1 + 2y)rJ) (r, - r,) 


where 

r , f,, and r, are thr Itarycrnlrk' |Misilion, vrl(K'il>, and 
accrirralion sri'tors of Ixidy i 

M. “ fon,, sshrrr (i is the Kravilatiimal lonstanl ami ni» 
is the mass of IxMly f 

r,i • r - r,| 

ft is the PPN iMr.imrter mr.isurinK the nonlinrarily in 
su|)«‘r|)osition ol Kntvily 

y is the PPN paraim’trr mrasuriiiK space t urvalurr pro- 
duced hy unit rest mass (In this intrKralion, as in genera! 
relativity, ^ " y “ 1.) 

r,l 

c IS the \ eliK'ity of liKht 

J,i is thr see ond zonal harmoni'" (sN'fficienI ol body /, 

a, is thr ripialorial radius of IxKly f 

p, is the unit vector in thr direction of thr north celestial 
|xile of InkIv / 


The indrs m in thr nrxi-to-lasi term on thr ri^ht side 
of (I) runs over thr asteroids. Thr <pianlity r, apiieaririK 
in two terms on the ri^ht side of (1) inchidrs thr 
Newtonian acceleration of each Ixnly / due to all other 
major celestial Ixxlies pnd thr three asteroids; 

E h* (r» - r/) 

— ;i 

*•( (S 

vshere / nins over thr Sun and planets and k niiis user 
thr Sun, planets, and asteroid.*, llii' last term on the right 
side of (1) represents thr contrihulion of the ohiatencss 
effects of each IxHly. For this integration, all harmonic co- 
l•fficients were set to zero. Normally, the only signifi- 
cant contrihulion arises from thr nhlateness of the Sun. 
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Ttu- itKlf|)i’iMlrnl varultli' itf inNitr.itioii ii (hr (imr 
('iMirihri.ttf in iIh‘ n ImnIv iiM-trk'. 

'flir jihI Ki'pli-ti.iii (■l<-mi-n(% ol (hr jslrriM(i)i .irr 

Kivrn III Tahir 10 

1lir ilrfimdiHi o( (hr rrl.itlvi«(ir h.ir\crnlrr (rriiliT of 
of liw Mil.ir \>«lrin i» ^mirwlul iniMlifird fron; llir 
iiMul N'rwtonuii loriiiiit.ihon (Ri’f 9' rroin comrr\ >ilion 
of linrar an<l aiiKolar miHiirntnm. (hr location of (Ik* 
harycrntrii oriKin Ktvrn hy 



Only (hr planrtt wrrr actiialK intrKraIrd At each %trp 
tliKHiKhont thr ii.ti-Kration the rrlativ ntic masses were 
calculated from (3l, aiul thr jiosition ol thr Sun wan nuh- 
M'lpirntly d"trr>iinrd from (2). RrcauM’ of siiiintantial 
uiurrtaintv -ir inaHnrn, thr antrroidi \nrrr not in- 
cluded in'. !. ^ccntrii caU ulationn. 


VIII, Lunar Ephemeris 

Th( construction of I.K-14 in nimilar to that of thr 
l.l'KK2 rphrmrris, wliiih in to hr d(H’Uinrntrd rinrnn’hrrr. 

Rrtaunr thrrr wan no allrinpt to put thr lunar and thr 
planetary rphrmrri<lrn on thr name rrfrrrmr nyntcni, 
thrrr may Ik* rotatioi.n m all thrrr anrn a,.,ountint; to no 
more than 0.1 arc wcond iM-twrrn tin- two. Tin- iinproxrd 
mannrn of DKOfi were unrd anti thr .ncculur accrirration tif 
the Moon'n loiiKitudr wa.n adopted, without fittiiiK, to Im‘ 
fi ■ -38'7crntiiry». 


IX. Residuals With Respect to DE96 

Tlir rrni liialn for thr ohnrrn ational liata with rrn|M*ct to 
DK90 are shown in Ki|{.n. I 4. Tlir |iont-fit ntauilard devia- 
tions have hern Kivrn in Tahirn 1-3. 

Thr optical rrnidualn, plotted in Kii(.s. ia-h, ap|>rar 
nimilar to thonr >;ivrn hy Orntrrwintrr and Cohen (Hri. 2), 
whose rphrmenn wan lormtHl from thr tiptical data only. 


TTiin M'rnin to inilKaIr that tlir ntht r liata in DKWi havr 
iH)t intriMliicril any ma|or inconnintriK-irn. We havr, honn- 
ever notitrd nyntrniatic rrrorn in thr optkal data an did 
( H-nlerwinlrr anti ('ohrn Ttirnr ,irr ilinciinnitl in thr nrxt 
net tion 

TTir radar irni.lu.iln are plottrti m Kift.n 2>i-c The eariy 
data half Im-i-ii nmrrrly down-wri^litrd Tlirrr nrrm to Im- 
Irrndn due to (o|ioKraphy in the plotn of Merniry and 
\ rtiiin (hrn«- havintt iN-rti iiitMlrlrtl nimpin an nphrrkal 
iNMilrn Koi Mars, tlw rrnidualn are with rrn|irtt to thr 
rilipnoid referred to in .Section III In all thrrr eaten, thr 
ntandard ilrviatiimn are .dniiit 10 /i». amountinit to alxint 
1 .3 km Ttiin woiilfl inerranr to alxMit 2 2 km foi a iphrrit al 
miHlrl of the Martian niirfacr. 


Tlir Mariner 9 rmitlualn are nhown in h'lK. 3. Tlir (xior 
lit at tlw Mailian solar conjunction in apparent. Here thr 
d.ita are not only noinn hut rtirriiptrtl hy larKr fliictiiationt 
III (hr nolar cortina Further analytit of thrnr data in still 
la'inp, |M'rfi*imrd. 

Tlir rrnidualn in runp lor Pioneer 10 and II are —47 
and +07 ^tt, rrn|X‘ctivrly 

TTir rrnidualn of the Marn closure aiialynin arc nhown in 
I'iK. 4 hn mrann ol a hintoKram. Of thr 291 rrnidualn. 200 
Were Irnn than I /it. Thr larRrnt rmidiial wan 0.5 /<n. Mont 
ol (hr 10 rrnidualn Rrrater than 3 /it (time from ohnrrva- 
tionn where th<- altitude on thr surface of Marn in rapidly 
iticrraniiiK with clMiiKiiiK latitude If the two days Ix-inK 
comp.iriHl have niKiiif icantly differimt latitiidrn (up to 1* 
nvan .diowrd), a 0..5 /in residual tan arise from only a I'i 
incline. 


X. A Systematic Trend in the Right-Ascension 
Residuals 

Till riKht-ancriinion residuals of thr planets contain a 
nystrmatic trend which in not evident in Figs, la-h Im’- 
raiinr thr plots srr no comprrnnrd in time TTirrrforr, thr 
riKlit-ancriinion rrnidualn of Mercury through Neptune are 
plotted a^ain in Fig.s. 5a g. where (hit time thr alukis.na 
rorrrn|X)nils to thr hrliiK-entric diffrrrme in right ascen- 
sion iH-twrrn thr Karth and thr pi. net. i.c., degrees pa.st 
op|)onition (degrees pant inferior conjiim tion foi Mercury 
ami Wnus) 
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Hir i-jtisr ol this trrml U unknown. Init it it lirfinilplv 
a univrrtal oiir— not ilur to onr |>articular planet, rphem- 
rri«. or M*t of ol>M>rvatiom Ifir reaunnnK for thi% is as 
follows: 

(1) Tile trrml is obvious in Figs ,Vi d for Nfereurv 
throuKb Jupiter. 

(2) The trend li.is U‘«’n noti*d n tlie residuals fi>r the 
I'SNO Ei>lieiiH*ris (Ref. It. ^ in tin- IhihlKren 
Kphenieris. where it was aetually discussed for 
Venus hy (h-sterwinter and Cohen (Ref. 2), aiul in 
laiuhscher's diswrtation for Mars (Ref. II), as well 
as in the JFI. Kplieineridt's to date. 

(3) Tlie trend is present in the Tokyo and (Jreenwich 
transit data as well as the HSNO data, these three 
sources Ihmiik present in Kaulischer's dissertation. 

This systematic trend, the “opposition effect” or "phase 
effect," is presr-ntly UunK investigatiHl. 


XI. Export Ephemerit 

Tlie DKyfl eplierru*ris. along with all r«*quisite software, 
has been |Nit (HI magnetic tape in a format suitable f(H a 
wide range of iximpiiters. 

Ihe new form it is mure than four times as compact as 
tlie prevuHis ‘TyiK* .Vt" used for DF.flH. Furtherniore, the 
iiiter|K>lati(Hi error is Ih'Iow 10 cm lor all liodies— an 
improvement of 10' from liefore. 

1he range of data is from l>ec(‘mher 16, 1944, to 
January 25. 2000. 

Copies of the ta|H‘, software, and user instructions are 
available from tlie .NASA Computer Software Manage- 
iin lit and Information Onter (CC)SMK.’) at the Uni- 
versity of (Georgia. 
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Fig. la. Optical rasidualt for the Sun 
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Fig. Ic. Optical residuals for Venus 
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Fig. Id. Optical retidualt for Mars 
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le. Optical residuals for Jupiter 
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Fig. If. Optical residual* tor Saturn 
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Fig. Ig. Optical residual* for Uranus 
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Fig. Ih. Optical residual* for Neptune 
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Fig. 5a. Optical residuals Illustrating the "opposition effect" for Mercury 
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Fig. 5c. Optical reiidualt illustrating the "opposition eNect" lor Mars 
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Fig. 5«. Optical residuals illustrating the "opposition effect" for Saturn 




-50 -25 0 25 50 

DEGREES PAST OPPOSITION 

Fig. 5f. Optical residuals Illustrating the "opposition eHect" for Uranus 
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Fig. 5g. Optical residual* iMu»trating th 
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TabI* 1. Optical obtarvationt 


PUnrt 

N, 

• 

••• 


•*. * 

Sun 

H22\ 

O.RI 

7810 

083 

Meniiry 

2112 

0(M 

2110 

(185 

Venm 


1 17 

118« 

0.80 

Mar» 

>1.10 

tiai 

N04 

0.55 

Jiipiler 

lOtM 

II VI 

lOVI 

051 

Saturn 

lOUl 

051 

1040 

054 

l*rant» 

lIMN 

0.17 

1014 

0.45 

Neptune 

1IW7 

(14(1 

1015 

0 50 


Tabla 2. Radar obtervatlona 


Source 

Mercury 

Venui 

Man 

N 

». /»» 

N 

*. n* 

S 

*• i*» 

Arei-lbo 

106 

17.1 

248 

8.1 

10 

83 1« 

Hayitai k 

217 

100 

219 

9.2 

2745 

12.8 

MilKtone 



101 

91.8* 



Cioldstone 13 



294 

18.2* 

4 

10.0 

ColiLtlone 13/14 

0 

9.2 

14 

7.6 

100 

11.4 

(a)Klstone 14 

22 

8.6 

44 

13.4 

699 

10.7 


•niwr ilHia ar«* iiuMtl> prr-MKIT anil are thrrelorc of inferior 
•luulity. They were »e\rrely down-wrighled in the toliition for 


OEOe 


Table 3. Mariner 9 range poinU 


S 

Julian (late 

e. la 

77 

2441272-2441:161 

0.25 

81 

2441189 - 2441540 

0.29 

487 

2441541 -2441555 
2441577 - 2441602 

078 

159 

2441.556-2441575 

2..50 
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Tabta 4. Initial conditlona for 0C96 at JCD “ 2440000.5 



X 

y 

z 

X 

r 

7. 

Mmtiry 



• a f «t 1 1 


.. M 1 »••«»«%«• 

•aftlfaftMftifvatatfv 

Venui 







E-M borycmler 






•aMIlVftftftftlPlfMftft 

Miirr 




• • • 1 i«ftm**« 1 1%«« T 


aoattm^sviftpaftftt 

Jiipitrr 


1 .•#•••# PWC »*• n 1 • 




•.••t%ftft«lftMiii«f f% 

Saturn 

• . o W% 1 I • 



• • •• 1 «t «« M 

.oMta 5*tPPMii«t 


I'rnnuf 




•a»0f 

o.aoiPPAmwtMoit 

• • •• Uft6«« H »• 1 1 

Nrptune 


•t J • 1 1 • M 



•.MiawtMUMiaaa 

•aMatitMMiftftafto* 

IMutn 

•M • >« / o»«« M 



.•MioA^MAnaPif 

• a M 1 1 ft 1 

• a ftf 1 •« lift 

Miion 

• u6t*l>6Twil«iMt« 




• «M««>*«yftVftiiaaa 



Tabla 5. Initial conditiont for DE96 at JED ■ 2440400.5 



X 

y 

z 

X 

y 

Z 

Mercury 

•iftftPftJiftftftiftMftift 

•aftftftftftftftftmoMioe 

•aOftTT|»«|7ftlftlTftftft 

.OeiTftftTftftftftftyftftnft 

.mMara.tM<MTa 

a ft 1 ftftftftftftTftft ftftftft *ft 

Venui 


• a ftftftftoftft T« W ) >**Mft 

•a|ftft«ft7ft|lftftftft|lftft 


a0|ft*ftft«ft|7ft***m 

• ftftftftTftlftft*ftM*ft»ft 

K M iMiy center 

aiftftavioftaatftiTs** 

•aftlTftftftftftftftftlftftftftT 

• a • ft 1 ftftftft ft* t •• ft« ft 1 ft 

aftlftftSftft9*ll*tM|} 

aftftIftftftOftftftftftOftOftft 

aftftftftt*trftftft|7ft»<l» 

Muri 

-aiMoPPMftttajftftftft 

-Iafttft«ftftftlti’ftftft*«ft 

•a^eftftft*lft*l»lftftftftft 

•ftl**ft»ft«ftft77ftftftfts 

aOftftftni*ftlft7ftftftft« 


Itipiter 

•ft . m 1 f ftftftMOft 1 iftftft 

• I rtftftft 1 aoftiftfta«ftaft 

-a Iftftftl ftl*ft«»ftOftft«ft 

•OftlOOftftftftllftYSOftS 

-aeftftftftftftft*ft»7ftllftft 

•aftftftftftftlfttft* TftftlM 

Saturn 

? a v««t ftaft ft< 1 1 ftoftft ft 1 

«aftft7|ft«ft|7ft«0ftt«ftft 

1 aftlftftftlftftftftftftftOftftft 

•aftftSlftftlft4*ftft*ftftlt 

.Oft* ^ftftftftftftft«ftftft 

aftft|ft*|ftftft*ftftl*ftl* 

Uranui 

-ift*<ft«p«nmftftftviftft 

• a ftftftMOftftftftftftt ftfti 1 

•alftlftrMftftlftTftftftftft 

aftftftlTIftftftftTftMftVt 

• a 0 0 ) ‘*ft ftftft ft Sftftftft* 7ft 

•a0ft|ftft*|ftft>t«ftTft17 

.Neptune 

• 1 ft . a 7 1 ftft« Mft«»ft t« 

•tfta TftlftfttftftftOfti Iftftlft 

-ftaMiftftftftIftftPftftftftftI 

. OOftftftftftOftftftft 4ftft*ft 

••ftftiMftftSiftftimift 

• a ftftftftftft Oft Sft«*ft II 7ft 

Fluto 

•ftft • ftfttf )«ftftft«ftftTftftftftft 

•afta«ft«ftftftftUftOftft<f 

ftaOftft*ftftftftO*ftOftftMS 

ae*Oftftftft*ftftft)tftSftft 

•aftftllftflftftftftftftftftftft 

•aftft|aft|ftft*77ftftftft».ft 

Moon 

•aftft0ftJftT0ft>ftftftft|7> 

•aftoiftftftft%oa5)ft*c«« 

• ■oai»Ma’>iaa>M> 

.ftOOftftfttftftftOft*fttV| 
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T«bl« «. Initial conditlona tor DCM at JCO • 244(M00.9 



X 

y 

z 

X 

y 

i 

Mr»i ury 



•a mmiMmmi* 

alllMMIMMMMI 

• alimMi IIIIMM* 

•allMMIUIMtllfl 

VeniM 



• . t# 1 *Mii %M%m«i 

alimifMlMlVfll 

•.immMimiMi 

• a m 1 • MM MM • M 4 

K-M haryrcntet 


•a7|lM4HfimH|« 

•all»*||IIMMMIt« 

aimmiimitiii 

•mmmmimimmi 

,m|MM»M|M7»l 

Mart 


t . i«aaa«M>*aaM%*i 

• I»%M|VI%MM|H| 

•allllM^MmMTlI 

•aMviTiimtmm 

• .•aaa«riM>a.a.M« 

liipllrr 

•« a «« II »« 1 MM ? 7 ?##• 


•laMimYimimii 

aimHIIIMMUII 

• aimiMmilMl*! 

•alltlimMMMH^ 

Saturn 

» a 1 • 7M« 1 1 1 MM 

• •IIIIMIIMMmM 

iai«mii*fimt*n 

-.aa.rwtM>.t<arM 

aOlHMMMlMlM* 


I’ranui 

• 1 • • 1 • II 1 MM M« • 

•1 . M«ftl 1 II *IM W» 1 • 

- a M 1 timmim i « 


• . M 1 * H t •! 1 mim 

•aMimllMMIMII 

N'«Ttune 


•t« • mi ? M 1 Ml 1 Mil I 

•«a|l|IMmMl%|7|« 

•iminmMMiM 


•aMMIMMMV%MI| 

Plum 

•l«*ll»l«kMMM|M«l 



aMii«Miimi%m 

• alllUMMRfimH 

•aMI||*t%MllM%*« 

Miam 



alMMMllMIHI7% 

•aMM%l«ltT|.%«|V| 

• a nil mm f 



Tabla 7. Radii and maata* In 0E96 


Tabla 8. Miacallanaoua conatanti uaad in DC 94 


Planet 

Radlui, km 

Inverte iiiau 

Sun 

HOtKIOO 

1 

Mercury 

2440 12* 

0023600 

Venui 

60S2.00* 

408523.5 

E-M har>i enter 


328900.V3 

Mart 

3397.51*-* 

3008710 

Jiipiler 

7IM0 

1047.355 

Saturn 

a04(K) 

3408.5 

Utanui 

2.3H00 

22869 

Neptune 

22.100 

19314 

Pluto 

7200 

.3000000 

Earth 

6378 156 


Moon 

1738 


‘Retiill uf lolulion for DE9A 
' Mean e<|uatorial radiut of triaxial elliptuid. 



OiHuM 

lAa 



lAApAMa^ 


CiltMl 

IIAfAlaAll 


tMlIt 

•lalOuf 


• ITA 

la 


OAMta* 

la 



Va 

• 

*u 1*' 

HfTITI.AUlA 

• 

««A| 

aPflfO 

• 

•PCI 

aPAltfl 

• 

MAI 

alMlA 

• 

•PCI 

alllAl 

• 

APATI 

allOIP 

• 

APATi 

alOlAf 

• 

APAVI 

•alflAA 

6 

PPAfI 

•allvll 

• 

PPAfI 

•laAOIAI 

• 

PPAVI 

• Mill 

• 

PtkA 

•lallOM 

• 

PCkll 

•lAFAl 

• 

• API 

iMOalllTf 

• 

• ADI 

MllaMftPIT 

• 

AAPA 

IIATaMAll 


• AD« 

TlMva 


•ADA 

AOAPUa 


RAPT 

IIAPWa 


• ADA 

IllOUa 


• API 

llOVa 


• apa 

• •AiiWata 


HA0« 



•1 

AMIallA 

• 

TMiSt AAAAaUllk A«| 
AO« PfiA 

r«o» IH| Mtuiloa 
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Tabi# 9. Cov«rianc« correlation matrli for 0C99 


0 «i«l 

o^i 

0%i 

iOll 

(4l 

Uttfti 

U%i 

ue§ 

uet 

Uat 

UAt 

Die 

u««« 

oe« 

o«« 

0 A« 

0C« 

0 «i«$ 

ues 

U<»5 

COO 

WAS 

OiS 

Om»A 

jeA 

Dm 

tUa» 

0 *» 

Dt» 

UM*r 

Oft 

u»i 

rc«T 

D*’ 

Dl? 

UMat 

OPt 

ua* 

iD«a 

u*a 

uca 

*u 

HN«I 
HOC I 
M«*a 
"DC I 
* 0*11 
*C*’« 
*D*T3 
00*11 
U0*T2 
DC*'* 
OtL* 
UtLN 
)<*D 1 
•<*0« 
H* 0 * 


•««»'f*a»>*of 

• K*i*>ia>e*i 

• uiaaiai-aai 

• i*i«aua>ta) 

.aaa«aio*>oui 

• tia"*«*>ooi 
•ii*t«aa«-ewi 

•1II**«0*>0*J 

•l*lt*«0**0u« 

•looitati'oui 

ta««?iaa*>oei 

• iuaoi*a>oei 
• ii«*ta*o*oui 

• l'«tt»M>0u* 

•a*oaaai«*ooa 

•i»»oai}r>oa« 

tl0tfi«t*»*0ui 

.lU«lll»>0wl 

• mim«*otti 
•«a*isaTa-ou) 
i«i7toi}?*oa« 
.lOMoau-ou* 
•iaoaia»a*ooi 

•lt«&)«To>Obl 

• iaiViJ»-ovi 

•**o 2 o>aa*oa* 

•aii*«*ai>oot 

•t7<10t7»«001 

•i«'7*iao.oei 

.laaaaiia-eei 

•aaoit»}«>oga 

• *OTaM?j>ea« 
•10t*|tt*-oul 

• * 0 iM«aa*a«i 
•<*iooiaa*ooi 
•ia**s«(«-ooi 
•i»*457oa-oai 
•ia«**iat-ooi 
•i«*i«s7a*ooi 
.saa'aaaatouo 

• 2 «nia<»*oui 

•<)«7aT}}-oai 

•i7taro*a*ooo 
•2**010*1*000 
• i*a7*io«»ooo 

• lOtlSTlfOOl 

• l''7*2«Tl*000 
••1770011*000 

•2*««00|t>00l 

•2*7*10*1>001 

•27ai7»ai*ooo 

•**22**«*>001 

• 2 aooii«**ooo 

•I71«|«01*000 

.«*0«*11«-OU1 

•2«77a*»0*000 

•ll2»*u«l*00l 

••7*7*1*1.001 

•112*77***000 

•71«717«*.001 

•••120110-001 



OH» 

OOP 

cr .4 

•.**1 

••PT 4 

•pn 

.*i» 

•oSpS 

. 0*1 

»A 0 f 

• P«# 

.112 

•. 01 * 

••on 

• PP« 

.*12 

•.*** 

-.SOI 

. 0*2 

-."02 

-.021 

.021 

•tOAS 

.**1 


• «PA 

• OPP 


• PT| 

• 01 / 

. 01 * 

-. 01 * 

• APA 

.*ti 

• •Pf.p 

••POP 

.*11 

••*01 

.121 

. 01 * 

• POT 

• PAp 

l.eno 

• PIA 

• OPP 

.*!• 

1 *000 

• Oil 

• OAA 

."11 

l.ppp 

.012 

••on 

-.•!• 

.OAO 

-.POP 

. 22 * 

.021 

-. 01 * 

• PP/ 

•«AAS 

-•Os* 

-•PAP 

. 7*1 

-.SPA 

.012 

.022 

-.P|P 

.*•1 

,PA* 

••P|P 

-•••P 

-. 01 * 

-•"21 

•o/PP 

••Pr% 

-."01 

.111 

.PU 

-.111 

• POP 

.111 

.*«• 

• OOP 

••PAP 

•PP/ 

-•IPA 

. 02 * 

-.002 

••PIT 

.017 

-."01 

. 17 * 

-.022 

• oos 

-•OPI 

. 0*0 -.Oil 

• OOP 

•,pr*r 

• opp 

• POI 

•PP/ ••POP 

• OOP 

•P^A •aPpS 

• OPT 

-.oon ..000 

-.007 

.""1 -. 01 * 

.PAT 

• P| T 

• A 0 » 


• Oil - 

• OOP 

, 0 #»p 

• POP 

• 001 

.010 - 

."01 

• OSS 

• PM - 

• 000 

• 00 « 

.OP/ 

.000 - 

• POP 

• no - 

."|7 

• eu 

• OAA 

oP|P • 

• POP 

.000 

• OOP 

• POP 

• PP/ • 

.""0 

• OPT 

• OPO • 

• PPO 

• POP 

.011 

.Oil 

*APP 

«ppp • 

• OOP - 

• POI 

,OPA 

• OPA • 

.not 

.017 

.PP'T - 

* 0/1 

• 010 

lOlS - 

PP/ 

.017 

001 - 

OPP 

, 0 P% 

pp/ • 

001 

• OP/ 

"01 - 

oos 

.oil - 

"01 - 

POP 

*OPA 

/TP • 

OOP 

* 01 P 

pp/ 

POP 

lAI - 

01 * 

/!/ 

2 *.l 

"21 

Pps 

pop 

OQT 

QPA 

OPS 

on« 

PSP 

OPP 

OS/ 

/pp 
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Table 9. (contd) 


Me (#• io*« oe« 


OMel 

Ml 

b«l 

toal 

0*1 

Ml 

U«a« 

Ml 

0«l 

lOtl 

l««l 

Ml 

0¥mu 

we 

OM 

i.^ae 

oee 

Me 

LMa* 

M» 

oe* 

IC/a* 

M* 


M» 

o«e 

toa* 

oat 

• 

<•» 

(baa 

oaa 

Ma 

0«al 

MT 

baT 

(0a» 

oar 

MT 

bMal 

baa 

O.l.t 

tb*a 

uaa 

Ma 

aa 

aaai 

MbCI 

aaal 

atxi 

acan 

auafi 

ac>a(] 

bcaii 

boaii 

ooatl 

Mt« 

Mia 

aaot 

Mac I 
aaoa 


•ata'iaaa-aei 
•ii«i«Tia*aai 
lUiaMai'Oit 
•loaaaaai'Oti 
•aaaTaaat-iaa 
•loiaaiaa-oai 
•«aaaaiea>eui 
• iiaT’iaa'cii 
•ii«iaaa»*osi 
•iitaaaoa*ea} 
•iTta«aoa-ee« 
•ifteia4ia*oo} 

•aaaTiaaa-eei 

• maciaa*oui 

• U«iaa»a*oai 
•iT«taaai>ee) 
•ia«taaaa-e«a 
•i»aeaiiT-o«a 

• iootam<oei 

• ii*aim>oui 

• miMaa*oai 
.aa*ijaTa*o«i 
•airaeiiT'oea 
.i»aaeaia*eva 
•laottaai'oai 
•>a«tja?a*ooi 
•iaitai}a-««i 
•aaaaiaTa*osi 
•aaoioiaa-oui 
•atia«ai»-o«i 
•irnoaM'Oui 
iiaTTaiao‘001 
•iaaaaii*-o«i 

•**eiaaia>9ai 

•JOTa»iT}>ogi 

•loaaiiaj'osi 

•aoifaaai'Obi 

•iJ300iaa-0Bt 

•t«l»iai«>OBi 

•>aaajroa>out 
•laaiaiaa-ooi 
•i*«iasTa-oui 
• JaaTaaia»9»o 
.laniais-ooi 

•ISaTaTIt'Ooi 

•i?aaTeaa*eoo 

•laaojoaitoao 

•laoTasoatooo 

•soaasiit'ogi 

i)«raia7i«ooo 

•«577oa}s«oao 

•laaaaaii'ooi 

•ia7a3oai>oei 

•I7a|7aa3«000 

•aaiiaaai'Oul 

•iaoosaak«OBs 

•I7}aiao3«0ve 

•aaoaaisa>ooi 

•ii77aaae*ooo 

•aai«aoa&*oui 

•k7a7i3ai>oei 

tii2f77aa«ooo 

.7ja7s7aa»o9i 

•a«ll013a>OBI 


•.Oil 

-.171 

••aja 

.a77 

.ai3 

*.aia 

-.aia 

••aia 

-.lal 

.«3a 

-.lit 

*.aia 

.Pit 

•.on 

••a»a 

t.ooe 

*.3.a 

*.ai» 

.Oil 

•.Ota 

-.aai 


.100 

-.IS* 

.oo» 

.003 
•.oaa 
.33a 
.071 
•.laa 
•.000 
.003 
.000 
.130 
•.000 
•.OaO 
.001 
•.001 
.003 
.071 
.012 
•.Oil 
•.ooa 
.001 
•.000 
.013 
.001 
•.000 
•.000 
.000 
•.002 
.000 
•.002 
.000 
-.000 
'.000 
-.002 
.000 ' 
.a03 ' 
• loa • 
■.ooa • 

•.077 . 
-.a7a 


no 
.oaa 
.aao 
.lal 
-.lai 
.071 
.laa 
.030 
-.023 
.03a 
-.331 

.lai 

.203 

.030 

-.000 

.220 

-.330 

1.000 

.200 

•.Oil 

.032 

.273 

-.301 

-.030 

.002 

-.003 

.003 

-.oai 

-.030 

.003 

.037 

.003 

-.002 

-.000 

-.030 

.000 

.010 

.001 

-.002 

-.001 

-.Ola 

-.003 

.002 

.000 

-.ooa 

.noo 

-.003 

-.000 

.200 

-.000 


.070 

.007 

.000 

>. 2 oa 

’.ooa 

.000 

.037 

.ooa 

.013 

.3'.7 

.002 


-.000 

-.003 

-.000 

'.ooa 

.000 

'.000 

.000 

.001 

..000 

..072 

..037 

..010 

•■013 

.000 


.023 

-.010 

.oai 

-.ais 

.lap 

1.000 

-.020 

.Oao 

.000 

-.aia 

-.oao 

.103 
.001 
.003 
-.10a 
-.022 
.187 
-.003 
.003 
.000 
.ooa 
.103 
-.000 
-. 02 v 
.003 
-.003 
.002 
.033 
.003 
-.ooa 
.oil 
-.000 
.000 
.000 
.000 
.ai7 
-.001 
-.001 
-.021 
'.003 
..Oai 
..001 < 
..003 ' 
>.003 • 
-.010 ■ 
.003 
.220 • 
.oas 

.003 ■ 
.030 « 
.23a ' 


.070 
-.17* 
-.021 
.007 
.012 
-.001 
.003 
-.003 
-.alO 
-.000 
• 010 
-.007 

••oaa 
-•ao3 
-.ooa 
-.003 
.021 
-.032 
-.020 
1.000 
.002 
-.020 
.02a 
.030 
-.ooa 
.071 
-.003 
.013 
-.000 
-.ooa 
.010 
•3» 
-. '0 
-.001 
-.010 
.000 
.003 
-.030 
.017 
'.000 
-.003 
-.001 
.001 
-.032 
.010 
.000 
-.001 
-.000 
-.020 
.001 
-.000 
.003 
-.017 
.Oil 
'.007 
'.002 
..007 
..272 
.000 
‘.oai 

.132 
• .000 
.003 
.003 


.010 

.aao 

-.laa 

.010 

-.000 

.ooa 

.071 

.aos 

-.oaa 

.031 

-.013 

.013 

.030 

.733 

-.330 

.032 

-.013 

.032 

.Oaa 

.002 

1.000 

.Oaa 

-.013 

.013 

.ooa 

.03a 

.loa 

-.017 

.010 

.012 

-.013 

.071 

-.033 

.002 

.02a 

-.00 I 
-.001 
.oil 

-.Cal 

.000 

.007 

.00. 

-.001 

.033 

-.083 

-.000 

.002 

.000 

.017 

-.002 

.000 

'.010 

.000 

'.Ola 

.000 

.001 

.011 

■.100 

■.013 

.123 

.220 

'.ooa 

.003 

.013 


.031 

.077 

.003 

.073 

-.333 

-.ona 


.037 
.003 
.Oil 
-.aao 
.100 
.037 
.022 
-.013 
.001 
-.aai 
.273 
.030 
-.023 
.Oaa 
1.000 
-.aai 

-.oaa 

.lao 

.001 

.003 

-.lao 
-.oaa 
. laa 
-.032 
.003 
-.000 
.ooa 

.003 
-.000 
-.010 
.003 
-.003 
.001 
.023 
.ooa 
-.003 
.011 
-.000 
.000 
.007 
.000 
.a7i 
-.001 
'.001 
■.021 
..003 
■.Oao < 
■.001 
•.003 • 
'.ooa • 
'.CIO • 
.003 
.ia3 
.oaa 
.003 . 
.03a . 
.233 ' 


-.ai3 
-.021 
-.073 
-.320 
.373 
.021 
-.al7 
-.030 
-.023 
-.til 
.032 
-.102 
-.alo 
.002 
-.013 
-.aaa 
.9U 
-.3al 
• •aia 
.020 
-.013 

— aai 
1.000 
.tit 
-.233 
.003 
.001 
-.070 
.333 
.07« < 
-.103 ‘ 
-.001 ■ 
.003 • 
.003 
.230 
-.000 
-.033 . 
.001 ' 
-.001 
.003 
.07: 
.012 
-.oil - 
-.003 • 
. '1 
-.000 - 
.013 
.001 
-.300 • 
-.000 
.000 - 
' .002 
.000 - 
-.002 - 
.000 
'.000 - 
'.000 - 
'.00a - 
.000 
.330 
.130 

'.ooa - 
'.oao • 

'.003 - 


Ma o«aa oap 

••099 

• 199 

• 005 

••Oft 

• Of% 

.871 

-.••7 

• 019 

••005 

-.!!• 

.las 

• 005 

.!•• 

••19t 

.C83 

.••3 

••00% 

-.081 

•.099 

• |99 

• 009 

-.833 

• 005 

-.Of9 

-.•12 

• 00% 

-.113 

-.509 

.87« 

• 009 

.177 


>083 

-.l*e 

.013 

.000 

-.•31 

.133 

-.080 

••010 


.832 

-.823 


-.113 

••f59 

.133 

•ooo 

.130 


.003 

••090 

• 0C» 

-.083 

••095 

• 199 

• 001 

.838 


.871 

.813 

.08a 

• 099 

••0 .9 

• 19n 

• 001 

• f9f 


.088 

I.88P 


.808 

-.••2 

I.OOO 

.081 

.OPS 

.881 

1.080 

-.••7 

••005 

.083 

-.iia 


••009 • 

.873 

-• 9ft 

-•001 

••095 

-•55| 

-aOOf 

-.059 

• 009 

'.082 

-•OOf 

-•OOf 

• 009 

-•OOO 

'.082 -.810 . 

•001 ••009 

• OOO 

.833 -,ian 

.083 

• OOO 

•OOf -.OOfl • 

-•010 

•03o -.001 - 

'.881 -.881 

• 005 

• OOO 

• OOl - 

• 009 • 

• 001 « 

• 00 5 - 

• OOO 

• 015 • 

a09t 

• tfOl 

• OOf - 

• 009 

.000 

*.00f 

• 009 • 

• OOO • 

.003 

.OOl 

• 050 

.001 

• OOl • 

.013 . 

• OOO 

.000 - 

• OOO - 

.003 - 

• 009 

•ooo 

• OOO - 

.801 

• ooo 

.2*1 

.73a - 

• 005 33 

• OOO • 

• OOf • 

• OOO • 

.800 - 

.00,' - 

.081 

• 000 

OOl • 

OOf •• 

.001 

008 - 

041 . 

.000 

005 •« 

001 •• 

.001 -, 

ooo 

ooo , 

• OOO 

OOO . 

ooo • 

OOO 

OOl 

OOl . 

OOO • 

OOf) -. 

OfO . 

OOO •• 

OOl -. 

OOf •• 

OOf •• 

235 . 

833 . 

oaa -. 

118 -. 

090 .. 

012 -. 

OOl •• 

ooo •• 

oaa 

113 . 

Ol9 •• 
f99 -a 

OOl 

807 , 




tit 

o%y 

O0t 

e«# 

oee 

90i 

opi 

005 

oot 

159 

eo« 

000 

005 

OOf 

005 

005 

109 

005 

001 

••OOT 

009 

095 

1*000 


iOOi 

• 009 

• 005 

• 019 

• 0041 

• 000 
• 009 


• OOT 

• 009 

• 000 
• 001 
• 000 
• 000 

• 059 

• 010 
• 000 
• 000 
• 000 


aOOl 

i005 

.001 

.005 

.001 

.000 

000 

015 

005 

04I5 

091 

001 

001 

005 


-•|99 

••009 

•••#0 

••!•• 

••099 

•aOOT 

••199 

••055 

• 009 
••119 
••0T9 
••005 
••|99 
••090 

• 009 
••109 
•o009 
••091 
••!•• 

• 919 
••01? 
••lie 

••OTf 

••119 

••009 

••009 

1*000 

••995 

••199 

• 111 
••OOf 
-•001 
••009 
-•ITO 

• OO© 

• 059 
•aOOt 

• 000 
••005 
••099 
••009 

• 009 
-•009 

• 009 

• 000 
••oil 
*•001 

• 0T| 

• AOO 

• 000 
• 000 
• 001 
• 010 
• 100 
• 001 
• 000 

• 005 

• 000 

• 5f| 
.1911 

• OOf 

• 009 
.199 


••Ofl 

• OIT 
••009 
••009 

• 159 

• 009 
••019 

• 019 
••015 

• 009 

• 51* 
••009 
••010 

• 009 
••000 
••019 

• 550 
••050 
••000 
••009 

• 010 
••099 

• 555 

• 095 
•.909 
••001 

.000 

••995 

l.oon 

• 950 
-.190 

• 001 

• 005 

• 009 
.050 

••000 

-•059 

• OOf 
••OOf 

• 005 

• 090 

• 019 
••015 

• OOf 
••005 
••000 

• 0|9 

• 001 
••5f0 

• 000 
• 00'> 
*•009 
*•001 
*•019 
• 000 
».001 
*.00f 
'•OOf 

• OOf 

• 990 

• f09 

• 001 

• Ofl 

• 501 < 


• 159 

• 0|9 
.019 
.155 
«050 

*•04*9 
.159 

• 010 
^099 

• 155 
.099 

• 051 

• 150 

• 019 
••005 

• |99 

• 091 

• 095 

• 159 
••099 

• Olf 

• 199 

• 099 
-.000 
-.551 
••eot 

• 000 
••199 

.550 
1.000 
-•095 
lOOl 
• 001 

• 005 
alto 

-•090 

•a0f9 

• OOf 
-•OOf 

• OOf 
.090 
.009 

-.009 

• 005 
-.005 
-.000 

• OOO 

• 000 
••099 
-.000 
••000 
-.009 
-.001 
-.019 
-.000 • 
-•Ofl 
-•Oof 

••OOf 

• OOf • 

af9| • 

• 100 • 

• OOl 

• 000 
►•099 


••09% 

••OfO 

••005 

•*09| 

••119 

••005 

••099 

••019 

• Oil 
••05f 
-.155 

• OfO 
••099 
••Off 

• 005 
••091 
••199 

• 059 
••095 

• 0|0 
••0|5 
••OSf 
••195 
••059 

• 000 
••OOf 
••005 

• III 
-.190 
••Ois 
1 .000 
•*Olf 
••009 

• 090 
-.999 

• •19 

• 059 
••OOf 

• OOf 
••005 
-•059 
-•OOO 

• 000 
••005 

• 009 

• 000 
••Olf 
••001 

• 191 
••000 
*•000 

• 009 

• 000 

• 015 
►•000 

• 001 
• 001 
• 001 

• OOf • 

• 5f0 

• I5f « 

• 001 ► 

• Olf . 

• Ifl 


••099 

• 99fl 

• 9f5 
••005 
-•900 

• 900 

• 009 

• 099 
••099 

• OOf 
••000 

• 001 

• 005 

• 090 
••Oil 

• 005 
-.OOf* 

• 005 

• 005 
-.059 

• 09| 

• 005 
••001 
-.OOf 
-•000 

• 005 

• 015 
-pfOf 

• 001 
• 001 

-•Olf 

1.000 

-.099 

••OOf 

• 009 

• 001 
-.oei 

• 009 
-.009 
••OOO 

• 001 

• OOO 
•aOOO 

• 051 
-.019 
-.000 

• OOO 

• OOO 

• OOO 
•aOOO 

.000 

-.OOf 

• 001 
-•OOf 

• 001 

• OOO 

• OOf 

• 009 
••OOf 

• 055 
*.09f 
►•OOO 

• OOO 

• OOO 
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TabI* 9. (conid) 


(o«« e*a Ka o«»t oa» m? io«t o«? 


Met 
O^t 
oat 
to* I 

CM 

Oil 

0»wt 

ert 

o*« 

to*i 

oat 

ott 

D«** 

oaa 

to*a 

oat 

Ota 

o«*« 

00* 

Oa« 

to** 

oa« 

ot* 

o«i*a 

uaa 

oat 

tc*a 

ott 

Oft 

o»*a 

e*a 

oaa 

to*a 

oat 

Ota 

0«*7 

00? 

oa? 

to*? 

oa? 

ot? 

o«*a 

ooa 

oat 

to*a 

oat 

Ota 

to 

aaai 

«Otl 

**ai 

«Ott 

aoaii 

aotft 

aoa?3 

OOtTl 

ocait 

ooa?l 

OtL* 

OtkX 

a*''i 

oaot 

aao* 


•*aa?taat>aat 

• it»i*?ifati 
•ttiatiai'tti 
.toaaaitftat 

■ aaa?tt«foat 

• toitauftat 

•aaa*ai«a*att 

•iit??t«*>oai 

•ii»t»at«>oai 

• iitvaatftat 

•l?it«*t*>0*« 

• ttoitatfeei 
•aaa?taaa*oai 
•iiiaait*>tgi 

• it«taa*feot 
.1 ?*aa«tfea} 
•tasattt«>ta« 
•itaoatjT'Oa* 
•taatattt'Oti 
•ii*aiiia.ooi 
•ittiiaa«-oot 

• ataiiatfots 
••iraoisT'ca* 
.ttaaaatfot* 
•taotiaai'oti 
•ia*t)«?e«oai 
.itltttlfoot 

.«attsa?fott 

ftaatottfoet 

.t>i*«tia-oet 

•«?ttot?fooi 

•laT'aiao-ooi 

• laaaaitfosi 
•aauia*t«>oot 
.}o?ati?t>ott 

• ioa*t<at'-oai 
•totta*aa*oci 
ittjaotaa-oti 

•ltttt*l«-0«| 

• jttti?ta-oai 
ita«ttiat*oot 

• i**tat?feoi 
.}aa?aa>*»oto 
.t«?iiatt*o«i 
•tt«?*?tt-a«i 
•i?aaTtaa*«to 
•t*aesaai*a«o 
•ito?asa*«oso 

• ioatt?ifoti 
•ia?ata?a*ooo 

• *tT?otn*oet 
•ta«*aaii>ooi 
.ta?asoai>eoi 
.i?ai?*as*«oe 
•a«tt*a*i-oti 
•taoott*«*oao 
•t?}«iaos*oao 

• taotaisfoai 
•it??aa*o*aao 
•ttt«ao*a>oai 

• •?t?tMl>OOI 

iiit«??aa*oto 

•?i«?i?«a-ott 

•««itoija*ooi 


*•009 

••090 

>••0 
• 009 

• lai 
.til 

• 0*9 

.001 

.til 

■.••1 


• 097 

• 009 

. 00 * 

• 199 

*• 00 # 

•ooo 

• tat 

■•tat 

.eo« 

• laa 

• eta 

.tot 

• eia 

• oat 


*•017 

■.tea 

• 009 

.•?a 

.aoi 

.tot 

• tit 

■.aai 

* a ooo 

••090 

• tai 

• OOO 

• 107 

■.#•? 

.tot 

• 099 

• 09 % 


■•eat 

• 001 

• OOO 

• 007 

• OwJ 

• 009 

.tM 

*.009 


■•ata 

• OAO 

• OOO 

• itJ 

*•090 


••eia 

*.090 

• 009 

• 01 * 

■•too 

a OOO 

• 009 

• 009 

• 009 

.IM 

•.ooo 

• 001 

• OOO 

■•oot ..OO* -. 1*0 

■.tit 

.••• 

• eoj 

■. 00 * 

.000 

• 009 « 

■.oot ■.ooa 

•i»a 

*009 

.et<. 

190 - 

.001 

• 00 ^ 

•itt • 

■.ooa 

• #♦0 • 

• 9«7 

■.aaa - 

• eot 

• 007 

1.000 

• 009 

• 009 • 

.000 1 

• OOO 

• 099 • 

.000 

.oot 1 

• ooa • 


ot? (w«a oo* 


oaa 


•tat ••ate 
•ata ••to? 
•tat ••aai 
•tat ••tia 
•tae ••tJ« 
•aao ••eti 
•ata ••til 
•ata ••oaa 
•tat •aas 
•too ••ti* 
•tat ••aaa 
•aao •eoa 
•ata ••ati 
•ate ••at? 
tae •eti 

Alt ••tit 

eto ••o«* 
•tae •ate 
••tac ••eta 
too •OOl • 
oat ••aet 
tee ••eia 


•090 ••900 

• oot 

•ott 

•••• 
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OOO -.0*0 .coo .000 -.900 .009 

*#00 -lOOr •oOOO oAOO *#«> 

900 *’222 ’222 •"®® •'*®* ■**'’ *.o"o 

OOO ,009 .003 -.000 -.3*4 -.1*3 ,P|3 


• #fl% 

•.OOl 

-.021 

•i joi 

• too 

.on 

.999 

•.pT#» 

• 19# 

,001 

.912 

.121 

• 00# 

•,000 

-.000 

• 090 

.0%% 

,0OQ 

• PPO 

••091 

• 00% 

•,000 

-.009 

•.00% 

• t%0 

*.00# -.OlO 

• ,1#% 

• OOO 

•.000 

• Opo 

.OOP 

• 0%% 

• OOO 

• PP% 

,0)T 

• 091 

.OOP -.OOP *.000 

• 0%# 

.000 

• POO 

,PPI 

• oo% 

-.090 -.090 

,00^ 

.049 

••OPI • 

.90) -.0)3 

.01# 

•,000 • 

oOpI - 

• 00% 

on 

.OOO 

• oot 

,P0% 


.000 -.009 
*000 *00«) 


OOO 

OOO 


•oio ••OOP 

• OOl 

• OOO 

•OOO ••0%o 

.0#% 

.03? 

•.90% 

• 909 

••001 

••POO 

• 0#« 

.009 

• OOl 

• •POO 

1.000 

.009 

• OOl 

• .POP 

.000 i.ooo 

••0)0 

•.99P 

.001 -.039 

1.000 

• n## 

-.909 -.M» 

.0## 

1*000 

*•00# 

• OOo 

.009 

• •OOO 

•oOO) ••oin 

•.0)0 

• OlP 

••OOO -.OOo 

-.000 

• POO 

• eoo 

• OOP 

••OOO 

••OOO 

• OOO 

• OOP 

• 0P9 

• oAOO 


**001 oOfl? 

*000 #>'0'^ #H0« 

o0«0 oA(iO 

#l*» •oOno -.001 

ortflo -.aoi 

A402* •”*’ *’#• 

.000 ,000 .ooo 

*00# ..OOO .000 -,00* 

.00^ oOOO .OOl ,00> 
lOOft -oOO#, .,0«0 .00# ,000 

•.OOfi ,000 .000 .O0«» 

,009 -.OOt ,001) ..OflO ,000 

-.OM -,0oo ,000 ,000 

OOo -.Olt* -,0oo .OQift ,000 
00% ..OOO ..OOO -,000 ,00O 

fOo ,0|o ,000 .,000 -,noo 

OOO -.00^ -.OOl 

t.900 -.00# -.0)9 
OOS -.00# I.OoO .00^ .01% 

I'M •oOM ,OOS 1.000 .eOQ 
'09* ,01#* ,0#39 I.OOO 
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Tabla 10. 

The ma»»M and Kaplarlan alamantt of iha atlaroid* u»«d In the force model' 


AOernid 

m 

l«o '1 

a 

# 

f. • 

«. • 


w. • 

(244<IOOO A) 

n. 

“/day 

Ceres 

.A » X 10 i« 

2 7fl«1 

07K796 

lOtrlM 

80 420 

60 762 

A8 4 A A 

771 167 

PalUi 

11 X 10 "• 

2.7687 

241216 

.14 848 

172 802 

110 110 

46 7.V) 

770 201 

\esla 

12 X 10 

2.161U 

0887-14 

7 117 

101611 

I4U 912 

8 A 09 .A 

977 467 


• Hir Itiut«i-<I ot Ci-rm ami i’allat urr from S< liulrorl ( K< l 12), llir m.i*' of \'r*la i> troiii lli*r»/ ( Hrf 11 ). and llit- rlniii'nlt arr- from 
llir Attronoimial i‘a|M*r< ( Ht-I N). 
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